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Abstract

Cleft lip with or without cleft palate (CL/P) is generally viewed as a complex trait with multiple
genetic and environmental contributions. In 70% of cases, CL/P presents as an isolated feature
and/or deemed non-syndromic. In the remaining 30%, CL/P is associated with multisystem
phenotypes or clinically recognizable syndromes, many with a monogenic basis. Here we report
the identification, via exome sequencing, of likely pathogenic variants in two genes that encode
interacting proteins previously only linked to orofacial clefting in mouse models. A variant in
GDF11 (encoding Growth Differentiation Factor 11), predicting a p.(Arg298GIn) substitution at
the Furin protease cleavage site, was identified in one family that segregated with CL/P and both
rib and vertebral hyper-segmentation, mirroring that seen in Gdf11 knockout mice. In the second
family in which CL/P was the only phenotype, a mutation in £S7 (encoding the GDF11
antagonist, Follistatin) was identified that is predicted to result in a p.(Cys56Tyr) substitution in
the region that binds GDF11. Functional assays demonstrated a significant impact of the specific
mutated amino acids on FST and GDF11 function and, together with embryonic expression data,
provide strong evidence for the importance of GDF11 and Follistatin in the regulation of human
orofacial development.
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INTRODUCTION

Orofacial clefts (OFCs) collectively represent the second most common structural birth
defect observed in humans (Dixon et al., 2011; Leslie & Marazita, 2013). OFCs can arise as
a result of a principal genetic mutation or from the combined impact of genetic variants and
environmental factors. In either situation, the precise spatiotemporally controlled growth and
fusion of the embryonic facial prominences during the 6t (oronasal) and/or the 10t
(secondary palate) weeks of gestation (Cox, 2004; Dixon et al., 2011) is sufficiently
disrupted to result in the respective cleft type. The most common types of OFC presentations
are clefts that involve the lip and/or alveolus (CL), clefts of both the lip/alveolus and
secondary palate (CLP) and clefts of the secondary palate only (CP). Notably, CL often
segregates in families with CLP and in such cases is referred to as cleft lip with or without
cleft palate (CL/P), whereas it is uncommon to observe CP segregating with CL or CLP
(Leslie & Marazita, 2013). This, and the temporal separation of primary and secondary
palatal development, are consistent with the two processes being genetically distinct yet still
sharing numerous genetic pathways and mechanisms (Cox, 2004). Severe clefting of the lip
and alveolus can also physically restrict the secondary palatal shelves from contacting at the
midline and thus in some cases the CP may be a secondary pathology (Cox, 2004). Although
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the most common forms of OFC are isolated and non-syndromic, 30% of cases are
associated with multisystem phenotypes or clinically recognizable syndromes (Dixon et al.,
2011; Leslie & Marazita, 2013).

Mice have proven to be useful models of human developmental disorders including OFCs.
There are hundreds of reported mouse strains, including both gene targeted, spontaneously
arisen and randomly mutagenized (for example, using N-ethyl-N-nitrosourea [ENU]) that
exhibit OFCs as a component of the phenotype (Keteyian & Mishina, 2017). However, in
contrast to humans, the vast majority involve only the secondary palate, with at most just a
few dozen displaying CL. Nevertheless, mouse CP loci are frequently included in candidate
gene lists for human OFCs (Gritli-Linde, 2012; Yu et al., 2017) and pathogenic variants have
often been extensively characterized in mouse models well prior to the identification of the
analogous human disorder.

We report the identification, via exome sequencing, of likely pathogenic variants in the
genes GDF11and FST, with both genes having been implicated previously in the
pathogenesis of OFCs in mouse models. One family harboring a likely pathogenic FST
variant presented with isolated CL/P whereas the other family, with a likely pathogenic
GDF11 variant, represents a new orofacial clefting syndrome distinguished by vertebral and
rib hyper-segmentation. Notably, the Gdf11 knockout mouse also exhibits both vertebral and
rib anomalies, recapitulating the human phenotype. Moreover, GDF11 and FST encode
physically interacting proteins: ligand and antagonist. Collectively, these results establish a
previously unappreciated role for this regulatory pathway in human OFC pathogenesis.

METHODS

Patient recruitment and sample collection

The two families described in this report were part of a larger cohort of 72 families with
multiple individuals affected with orofacial clefts (Cox et al., 2018) that were ascertained in
the United States, Colombia and Australia. Each family was enrolled into the study under
the respective institutional review board protocols: South Eastern Sydney Local Health
District (HREC/13/POWH/203) Australia; Genetics of CL/P: a multicenter international
consortium (PIROSTUDY10777) and the University of lowa IRB (200109094). Informed
consent was obtained prior to sample testing. DNA was extracted using standard protocols
and sample quality control steps were taken including DNA quantification using Qubit
(Invitrogen), co-efficient of inbreeding determinations, and XY genotyping to confirm the
gender of the tested individuals.

Exome sequencing and genomic data generation

DNA samples from multiple affected individuals from each of the 72 families in the cohort
were selected for exome sequencing as previously described (Cox et al., 2018). A Roche/
Nimblegen SeqCap EZ v2.0 kit was used for enrichment capture and samples sequenced at
the University of Washington’s Center for Mendelian Genomics (Seattle, WA) using an
Illumina HiSeq 2500. The raw sequences which met internal quality standards were aligned
to the human genome build hg19 (GRCh37) using BWA software (Li & Durbin, 2009).
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Single Nucleotide Variant (SNV) and Insertion / Deletion (indel) calls were performed using
PICARD, SAMTOOLS, and GATK (DePristo et al., 2011; Li et al., 2009; Van der Auwera
etal., 2013).

Bioinformatics and genomic data analysis

Individual-level single nucleotide variants (SNVs) and indels were joint-called using GATK
(DePristo et al., 2011) into a single multi-sample VCF. Variants were annotated with the
Ensembl Variant Effect Predictor (VEP) (McLaren et al., 2016). Variants were then filtered
using the open-source GEMINI platform (Paila et al., 2013) according to a standardized set
of criteria to identify rare and likely pathogenic variants (Cox et al., 2018). Given the
pedigree structures of both families that are described in this report were consistent with
autosomal dominant inheritance, shared heterozygous variants within each family were then
prioritized using clinical and bioinformatic criteria, including population frequencies and /in
silico pathogenicity scores. Variants with allele frequencies >1% within the 1000 Genomes
database (http://www.1000genomes.org/), the Seattle-based Exome Variant Server (EVS)
database (http://snp.gs.washington.edu/EVS/), the Exome Aggregation Consortium (EXAC;
http://www.exac.broadinstitute.org) and genome Aggregation Database (gnomAD; http://
www.gnomad.broadinstitute.org) were excluded from further analysis. A conservative
CADD threshold score (http://cadd.gs.washington.edu) of 15 was then used to prioritize
variants for pathogenicity with other /n sifico scores including PolyPhen-2 (http://
genetics.bwh.harvard.edu/pph2/) and SIFT (http://sift.jcvi.org/) compared for consistency.
Evolutionary conservation, effects on protein structure, absence in controls, the potential
impact of the mutation on protein function, expression in mouse and human embryonic
orofacial tissues, and links to biological pathways previously implicated in palatogenesis
were then used to further prioritize candidate genes. Any variant deemed pathogenic and
found in a gene with a mouse model that presented with OFC phenotypes was considered
among the top candidates. We also assessed the full list of remaining candidate genes
(sixteen for Family 4527, twenty for Family 22) using DOMINO, a variant effect prediction
tool that predicts genes associated with dominant disorders based on linear discriminant
analysis and independent of the mutational events. Top candidate variants in each family
(seven in Family 4527, six in Family 22) were then assessed for segregation within each
family using Sanger sequencing of PCR amplicons from all individuals for whom DNA was
available.

3D protein modeling

Where possible, the effects of variants on protein function were inferred based on location in
a conserved protein functional domain (PFAM database) with additional structural mutated
protein analysis performed using the HOPE protein analysis server (http://www.cmbi.ru.nl/
hope/). The GDF11-FST complex and location of the FST mutated residue was visualized
using PyMOL based on the available PDB structural model (http://www.rcsbh.org/pdb/home/
home.do; 5JHW).

Expression analysis using SysFACE

The bioinformatics tool, SysFACE (Systems tool for craniofacial expression-based gene
discovery), was used to analyze microarray-based genome-level gene expression profiles
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from various mouse embryonic orofacial tissues in the FaceBase (https://www.facebase.org)
and NCBI GEO repositories (https://www.ncbi.nlm.nih.gov/geo/) (Lachke et al., 2012; Liu
et al., 2017). The following expression datasets were analyzed using Lachke lab in-house
scripts: lHlumina HiSeq2500 RNA-seq data for E14.5 mouse posterior (FaceBase:
FB00000768.01) and anterior palate tissue (FaceBase: FB00000769.01), Affymetrix 430 2.0
microarray data from the mouse embryonic orofacial tissues — mandible, maxilla and
frontonasal tissue (at stages E10.5, E11.0, E11.5, E12.0, E12.5) (GEO: GSE7759) and E13.5
palate (FaceBase: FB00000468.01). The in-house scripts used for analysis are available
upon request.

STRING-based protein-protein interaction network of GDF11

Known and predicted human protein-protein interactions (PPIs) for GDF11 were extracted
from the STRING database (http://string-db.org) using an in-house Pytfon script. The
obtained high-confidence direct and nearest neighbor PPIs with interaction score > 0.07
were integrated into an open source tool, Cytoscape, for visualization of the GDF11
network.

Tissue collection and immunohistochemistry

Human fetal tissues were recovered under an approved protocol through the University of
Washington (IRB# STUDY00000380). Specimens ranging in age between 57 and 70 days
post conception, estimated by gestational ultrasound and/or fetal foot measurements
(Shepard, 1975), were used as these represent the period during which the secondary palate
fuses. Younger specimens spanning the time of primary palatal fusion were not available.
Embryonic tissues were embedded in paraffin and 4-micron sections cut in the coronal
plane. Sections were then stained with the following primary antibodies: anti-FST [H114]
(1:100, Santa Cruz #sc30194) and anti-GDF11 (1:100, R&D Systems #MAB19581)
followed by a biotinylated secondary antibody and ABC-HRP of the appropriate specificity
as previously described (Tamasas & Cox, 2017).

Sanger sequencing

For candidate variants of interest, primers were designed for amplification of the respective
genomic regions. Genomic DNA samples extracted from patients’ saliva or blood were used
as template for PCR from available affected and unaffected relatives, with products
sequenced on an Applied Biosystems Model 3730 (48-capillary) sequencer (Functional
Biosciences, Inc., Madison, WI, USA). The chromatograms were analyzed and visualized by
APE (http://biologylabs.utah.edu/jorgensen/wayned/ape/). Primer sequences for all variants
are available upon request.

Plasmid constructs

The full coding sequence of human GDF11 was amplified by PCR using the following
primers: 5’-CACCATGGTGCTCGCGGCCCCGCT-3’ and 5°-
CGCTGTGGCTGCTCTTAA-3’. The product was then double-digested with Nhel-HF and
Xbal (New England Biolabs) and cloned into pcDNA3.1(+) (Life Technologies, Carlsbad,
CA, USA). An alternate GDF11 expression construct was also made using the pRKS5 vector
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(BD PharMingen) for experiments using HEK293T cells. Constructs for expression of
wildtype human FST (isoform Fs288; in pcDNA3.1) (Cash et al., 2012a) and human Furin
(in pcDNA4; Walker et al., 2017) were previously described. Site-directed mutagenesis was
employed to generate the respective expression vectors carrying the GDF11:¢.893G>A and
FST:c.167G>A variants. Separately, four SMAD-binding elements (SBE, 5’~-CAGACA-3’)
were synthesized (IDT, Coralville, IA, USA) and cloned into pENTR/D-TOPO and then
shuttled into a cFos-FFLuc plasmid (SBE-FFLuc) for the /n vitro luminescence reporter
activity assay.

The following cell lines were used in this study: a human embryonic oral epithelial cell line;
GMSM-K (gift from Dr Daniel Grenier, Université Laval, Quebec, Canada); a human
embryonic palatal mesenchyme cell line; HEPM (from ATCC, CRL-1486); and a derivative
of the HEK293T epithelial cell line, HEK293-(CAGA)1,, in which a SMAD3 binding
element-linked luciferase reporter had been stably integrated (Cash et al., 2012a). GMSM-K
cells were maintained in keratinocyte serum-free medium (Life Technologies) supplemented
with EGF and bovine pituitary extract (Life Technologies). HEPM and HEK293 cells were
maintained according to supplier guidelines. Cells were incubated at 37 °C in 5% CO».

Luciferase reporter assays

For the dual luciferase activity assays in GMSM-K and HEPM cells, each SBE-FFLuc-
based reporter construct was co-transfected with a Renilla Luciferase expression plasmid.
Plasmids were electroporated into HEPM cells with Amaxa Basic Nucleofector 1l (Lonza)
(Program: U-020), and electroporated into GMSM-K cells with Amaxa Cell Line
Nucleofector Kit V (Lonza, Cologne, Germany) (Program: X-005). A Dual-Luciferase
Reporter Assay System (Promega, Madison, W1, USA) and 20/20n luminometer (Turner
Biosystems, Sunnyvale, CA, USA) were employed to measure the luciferase activity at 72
hours post-transfection. Relative luciferase activities were calculated by the ratio between
the value of firefly and Renilla luciferase activities. Three biological replicates were
performed for each assay. All quantified results are presented as mean +s.d. A Student’s #
test was used to determine statistical significance.

Luciferase assays to test for FST antagonism were performed using the FST isoform, Fs288,
and the HEK293-(CAGA)1, reporter cell line as previously described (Cash et al., 2012b;
Walker et al., 2018). In short, 2x10% HEK293-(CAGA)15 cells were seeded in a 96 well
plate in growth media with serum for 18hrs. 50ng of Fs288 WT or Cys56 Tyr mutant and
150ng of empty vector (for 200ng of total DNA) was then transfected using TransIT-LT1
reagent (Mirus Bio) in Opti-MEM media (Fisher 31985-070) according to the
manufacturer’s protocol. 18hrs following DNA addition, the growth media was swapped out
for serum free media containing 0.62nM of GDF11. 24hrs later, cells were lysed and
luminesce measured. Data was plotted as fold relative to GDF11 activation and one-way
Anova statistical analysis conducted within GraphPad Prism 5 software.
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Western blotting

Westerns were conducted on samples from cells plated in a 6-well format. Briefly, 5x10°
HEK?293T cells were seeded in each well with growth media for 18 hours. After this time,
1.5ug of Fs288 WT or Cys56Tyr mutant vector DNA was transfected using TransIT-LT1
reagent (Mirus Bio). For GDF11, 1.5ug of WT or Arg198GIn construct DNA was
transfected along with 1.5ug of Furin vector DNA to improve processing. 24hours post
transfection, growth media was swapped for serum free media. Samples were collected and
subject to standard western protocols. Primary antibodies against FST/Fs288 and GDF11
were purchased from R&D Biosystems (MAB66) and Abcam (ab124721), respectively.
Goat anti-mouse (Millipore-Sigma; DC02L) and goat anti-rabbit (Santa Cruz; sc-2301)
HRP-linked secondary antibodies, respectively, were used for detection. Western blot signal
was captured using the C-DiGit blot scanner (LI-COR).

RESULTS
Clinical phenotype

Family 4527 included six affected individuals each of whom manifested vertebral hyper-
segmentation affecting different spinal levels. Multiple rib hyper-segmentation was also seen
in three of these 6 individuals, while three presented with OFCs: two with unilateral CLP
and one with a submucous CP. An additional member had midface hypoplasia (Table 1).
Family 22 included three affected individuals: the female proband (CLP), her sister (CLP),
and her father (CL). The proband’s two brothers and her paternal grandparents were
unaffected (Figure 1).

Exome Sequencing

In Family 4527, the initial exome data analysis on the affected male 4527-2 (individual I11-I;
Figure 1, Table 1) and his affected sister 4527-13 (individual I11-8; Figure 1, Table 1)
detected 973 heterozygous rare variants in common with an allele frequency of <1% in
control databases (gnomAD, EXAC, 1000 genomes and the Seattle EVS). Of these, 135
variants were unique to this family. Sixteen genes had one rare variant within the coding
sequence, of which one was a truncating variant and five were predicted to be both
damaging (Polyphen) and deleterious (SIFT) (Supp. Table S1). A missense variant in
GDF11(NC_000012.11:9.56143335G>A; NM_005811.4:¢.[893G>A];[=]; NP_005802.1: p.
(Arg298GIn)) was considered the top candidate as targeted knockout of its mouse ortholog
results in orofacial and skeletal anomalies (McPherron et al., 1999). The perturbed arginine
residue (Arg298) is highly conserved across multiple species. /n silico analysis of the
GDF11 variant uniformly predicted a deleterious effect on protein function: called
deleterious by SIFT (0.001), probably damaging by Polyphen-2 (0.982), disease-causing by
MutationTaster (p-value: 1), and deleterious by Provean (=3.2; threshold for consideration <
-2.5). The variant was also classified in the top 0.03% of substitutions for deleteriousness by
CADD with a score of 35 (Supp. Tables S1 and S5). Sanger sequencing in the 10 available
family members (five affected and five unaffected) confirmed heterozygosity for the variant
in each of the affected individuals, supporting an autosomal dominant mode of inheritance
(Figure 1). The five unaffected family members examined were homozygous for the
wildtype allele (G/G). As further support, GDF11 was also the top-ranked of the candidate

Hum Mutat. Author manuscript; available in PMC 2020 October 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Coxetal.

Page 8

genes from Family 4527 by DOMINO, being rated as “very likely dominant” (Supp. Table
S2). Four other genes were classified as either “very likely dominant” (CHRMS3), “likely
dominant” (7NS3), or “either dominant or recessive” (PCDH8and TRPM?). Segregation
analysis of each of these additional four variants was then performed on available samples.
Variants from HARS and TMZ2D3were also included in the segregation analysis as they
were noted as having a moderately small number (<100) of loss of function alleles listed in
gnomAD, a feature of many other known CL/P genes. For these six additional candidate
variants, none show perfect segregation with the clinical presentation, with each variant
being present in 1 (CHRMS3), 2 (TRPMZ2and HARS), or 3 (TNS3, PCDH8and TMZD?3)
unaffected individuals (Supp. Table S6A).

Exome sequencing was performed on three affected individuals in Family 22 (individuals
I1-1, 111-2 and 111-3) (Figure 1). These three individuals shared 793 heterozygous rare
variants with an allele frequency of <1% in reference databases. Of these, 89 variants were
unique to the family in this study and not present in any sequenced individuals from the
additional 71 families in the CL/P cohort. Twenty genes had one rare variant within the
coding sequence, of which three were truncating variants and seven were missense changes
predicted to be both damaging (Polyphen) and deleterious (SIFT) (Supp. Table S3). A
missense variant (NC_000005.9:9.52778791G>A; NM_013409.2 c.[167G>A];[=];
NP_037541.1: p.(Cys56Tyr)) identified in £ST7 was considered as a strong candidate because
a previous homozygous knockout of the mouse ortholog, Fst, had been reported to present
with multiple anomalies including orofacial clefting and skeletal/rib defects, similar to the
knockout of Gdf11 (Matzuk et al., 1995). The mutated cysteine (Cys56) is highly conserved
across multiple species and this variant has not been described previously in over 245,000
alleles in gnomAD. The /n silico analyses provided consistent support for pathogenicity
including a PolyPhen2 score of 0.766 (possibly damaging), a SIFT score of 0 (deleterious)
and a CADD score of 28.8 (see Supp. Tables S3 and S5). The heterozygous variant in FST
was confirmed by Sanger sequencing in the three affected members of this family. DNA was
only available for one of the two unaffected paternal grandparents, the grandmother, who
was homozygous for the wildtype allele (G/G) (Figure 1). As with GDF11in Family 4527,
FST was also the top-ranked of the candidate genes from Family 22 by DOMINO, similarly
being rated as “very likely dominant” (Supp. Table S4). Five other genes were classified as
either “very likely dominant” (SPARC, HERCI1, TENM?2), “likely dominant” (RNFZ20), or
“either dominant or recessive” (CRYBB2). Segregation analysis of the variants in SPARC,
HERCI1, TENMZand RNFZ20was then performed on samples from the three affected
individuals (for validation) and the unaffected grandmother. The CRYBBZ variant was not
pursued as pathogenic variants in this gene cause cataracts and are not associated with CL/P.
As above, the EML 4 variant was also included in the segregation analysis because it was
noted to have <100 loss of function alleles listed in gnomAD. As expected, all five
additional variants were confirmed in the three affected individuals, but notably the
unaffected grandmother also carried each variant (Supp. Table S6B).

All variants reported here have been submitted to the Global Variome Shared LOVD
database: https://databases.lovd.nl/shared/genes/.
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Embryonic Craniofacial Expression of the GDF11/Gdf11 Network

Previous studies have demonstrated that Gaf11 deficiency in mice causes cleft palate as well
as skeletal anomalies as a result of dysregulation of anterior-posterior patterning of the axial
skeleton (McPherron et al., 1999). Further, mouse Gdf11 and Fstcompound mutants also
exhibit patterning defects (McPherron et al., 1999). We therefore first analyzed Gadf11 and
Fstexpression in mouse anterior and posterior E14.5 palate tissue RNA-seq datasets, and
found both genes to be expressed at similar levels and comparable to other known orofacial
clefting-linked genes (e.g. /rf6, Pdgfc, Pvrll, TfapZa, etc.) (Figure 2A). Since tissue-
enriched expression has been shown to be a good indicator of function in development of a
given tissue (Kakrana et al., 2017; Lachke et al., 2012), Gdf11 and Fstexpression was
analyzed in further detail in various mouse embryonic facial tissue microarray datasets.
Gdfi1is significantly expressed in maxillary, mandibular, and frontonasal tissues at E10.5
(Figure 2B). Next, using the human protein-protein interaction database (STRING), 66
potential GDF11 interactors (indicated by diamond shapes) and their nearest neighbors
(secondary interactors, indicated by circles) were identified (Supp. Figure S1A). Using
DAVID bioinformatics analysis, these interactors were enriched for the following GO (Gene
Ontology) categories related to orofacial development: PI3K-Akt signaling pathway
(hsa0415), TGFB-signaling pathway (hsa04350), BMP signaling pathway (GO:0030509),
and palate development (GO:0060021) (Supp. Figure S1B). Different tissue expression data
were then overlaid on these candidates to identify the specific interactions within this
network that are potentially relevant to GDF11 function in the affected facial tissues (Figure
3A,B; Supp. Figure S2). In addition to GDF11 and FST, several other direct protein-protein
interactors of GDF11 (e.g. Erlecl, Pcsk5), were noted as significantly expressed in orofacial
tissues (Figure 3A,B; Supp. Figure S2). Immunohistochemical staining of human palatal
tissue sections confirmed the co-expression of GDF11 and FST both in the palatal
epithelium (including the medial epithelial seam) and throughout the palatal and tongue
mesenchyme (Figure 3C,D).

The p.Arg298GIn GDF11 Mutant is not Processed into its Active Form

The GDF11 protein includes an N-terminal signal peptide, a Transforming Growth Factor-
Beta-Related (IPR015615) prodomain, and a C-terminal mature peptide fragment that is
released from the prodomain by Furin-type protease cleavage after the terminal Arginine
residue of the RXXR recognition site (Figure 4A) (Walker et al., 2016). The GDF11 variant
results in a substitution of the Arginine for Glutamine at the cleavage point between the
prodomain and the mature peptide (see Figure 4A). Structural protein analysis using the
HOPE protein analysis server (http://www.cmbi.ru.nl/hope/) showed that the wildtype
arginine residue forms several internal hydrogen bonds. Substitution of this positively
charged Arginine298 for the smaller neutral amino acid, glutamine, is predicted to abolish
these hydrogen bonds. The change from the normal ionic interaction seen in the wildtype
protein is predicted to impact recognition and subsequent cleavage of the site and thus
generation of the active C-terminal mature signalling peptide.

To test whether the Arginine298 to Glutamine substitution would indeed affect recognition
and cleavage by the Furin convertase, we expressed the wildtype and p.Arg298GIn mutant
GDF11 together with Furin in HEK293T cells. Western blotting demonstrated that all
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wildtype GDF11 was processed to its disulphide-linked dimeric form (Figure 4B). In
contrast, the p.Arg298GIn mutant remained linked to its prodomain form, failing to be
processed by Furin (Figure 4B) and thus is expected to remain inactive.

Previous studies have established that GDF11 activates the TGF-B-SMAD signaling
pathway mainly through type-1 activin receptors (ALK4 and ALKS5) (Andersson et al.,
2006). A SMAD-binding-element (SBE) reporter was therefore employed to assess the
impact of the GDF11 variant when expressed in a human embryonic palatal mesenchyme
(HEPM) cell line, GMSM-K oral epithelial cell line, and HEK293T epithelial cells. In all
cell lines, wildtype GDF11 induced a significant increase in reporter activity over empty
vector transfected controls (Figure 4C), with levels dependent on the cell line. In HEPM
cells, in particular, wildtype GDF11 induced an approximate 50-fold increase of reporter
activity over control levels. In contrast, the GDF11 p.Arg298GIn mutant failed to activate
the SBE-reporter in HEPM cells. In fact, transfecting with both wildtype GDF11 and the
p.Arg298GIn mutant resulted in a signal that was signficiantly lower than by wildtype
GDF11 alone (Figure 4C).

The p.Cys56Tyr FST Mutant Disrupts the N-terminus and GDF11 Antagonism

FST is comprised of multiple cysteine-rich domains, including a short signal sequence, a 63
residue N-terminal domain with six conserved cysteines, and three homologous C-terminal
domains each with 10 conserved cysteines (Figure 5A). In both the N-terminal and C-
terminal cysteine-rich domains, the cysteines form intradomain disulphide bridges to
maintain a tight domain architecture (see Figure 5A,B) (Sidis et al., 2001). The identified
FST variant involves Cysteine56, which resides in the 63 residue N-terminal domain. In the
determined structure of the FST-GDF11 complex (PDB 5JHW) (Figure 5B), the N-terminal
domain interacts with the hydrophobic pocket of GDF11 that is responsible for the
interaction of the ligand with its receptors (Walker et al., 2017). Substitution of Cys56 with a
hydrophilic tyrosine is predicted to prevent the formation of the appropriate disulphide
bridge, and thus destabilize the N-terminus.

To simplify testing of the impact of the p.Cys56Tyr FST variant, we employed a similar
SBE-reporter assay, but this time using a stable HEK293T cell line in which the SBE-
luciferase reporter construct had been integrated into the genome. These HEK293-
(CAGA)1, cells are sensitive to stimulation by GDF11 as judged by string reporter
luminescence. Transfection of these cells with a construct expressing wildtype Fs288, as
expected, completely inhibited the activation of the reporter following stimulation with
wildtype GDF11. In contrast, expression of the p.Cys56Tyr mutant Fs288 in these cells had
minimal impact on reporter activity following GDF11 stimulation (Figure 5C). We did
observe that the mutant Fs288 was expressed at much lower levels than the wildtype Fs288
(Supp. Figure S3A) following transfection of equivalent amounts of vector. However,
regardless of the amount of mutant Fs288 vector transfected, the mutant did not significantly
inhibit the stimulation of reporter activity by GDF11 (Supp. Figure S3B).
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DISCUSSION

We identified two families with CL/P that segregated for variants in GDF11and FST, which
encodes an antagonist of GDF11. We provide both genetic and biochemical evidence that
the variants in these two genes are likely to represent the underlying cause of the orofacial
cleft presentations in the respective families. Variants in GDF11 and FST have not been
reported in association with any human monogenic disorder (OMIM, PubMed & Google
Scholar review date 22 April 2019) nor is either variant reported in ClinVar or HGMD. The
pathogenicity of each missense variant was assessed using the approach to variant
classification outlined in Richards et a/. (2015) and deemed to be likely pathogenic based on
the following lines of evidence: well-established /n vitro [GDF11] or in vivo [FST]
functional studies supportive of a damaging effect on the gene product; the variants are
located in well-established functional domains; each variant is absent from control
populations; animal models for both GDF11and FST recapitulate the essential
morphological features of the disorder; and multiple lines of computational evidence support
a deleterious effect on the gene or gene product. Of the candidate gene variants tested in
each family, only the GDF11and FST variants segregated completely with the clinical
presentation.

GDF11 encodes a secreted protein that is a member of the bone morphogenetic protein
family and the TGF-p superfamily. Most TGF-f superfamily proteins are synthesized as
larger precursors that are cleaved at an RXXR motif by proprotein furin-type convertase
endoproteases to generate an N-terminal prodomain and a C-terminal signaling domain. In
line with this, GDF11 is initially produced as a 50kD precursor protein that undergoes
proteolytic cleavage to generate an active 12.5kD C-terminal peptide that self-asociates
through a disulphide bond to form a dimeric signaling molecule (mature GDF11) and a
37kD N-terminal peptide (GDF11 propeptide). The cleaved mature dimer (25kD) of GDF11
remains associated with the prodomain in a non-covalent latent complex which is
subsequently activated in a tissue specific manner by BMP1/TLD-like proteinases via a
further cleavage within the latent complex prodomain sequence (Ge et al., 2005). In GDF11,
the final arginine of the RXXR motif, at which cleavage occurs, is Arginine298, the amino
acid residue mutated in Family 4527. Consistent with a critical functional role for this
residue, an arginine is present at this position in 245 out of 246 orthologs and paralogs of
GDF11. Variants in the final arginine of this cleavage recognition site in other proteins (both
naturally occurring and engineered) have been described as interfering with cleavage (de
Zoeten et al., 2009; Ho et al., 2008) and to be disease causing (FGF23: p.(Arg179GIn)
(ADHR Consortium, 2000)). Conversely, the creation of an RXXR domain is the basis of the
engineered alpha-1-antitrypsin-Portland variant (a1-PDX), that functions as a suicide
substrate inhibitor of Furin (Jean et al., 1998). The specific variant identified in Family 4527
is absent from the 119,616 GDF11 alleles reported in unrelated control individuals from
ExAC v0.3 and over 245,000 alleles reported in gnomAD. There is only a single missense
allele at the adjacent arginine p.Arg297GIn within the RXXR domain recorded in EXAC
from a European sample but without phenotypic information.

Our functional data confirm that the p.Arginine298Glutamine substitution completely
prevents cleavage by Furin (Figure 4B), suggesting the mutant GDF11 remains inactive. In
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line with this, GDF11 p.Arg298GIn showed minimal ability to activate a SMAD-sensitive
reporter in comparison to wildtype GDF11. Given the autosomal dominant inheritance in
family 4527 and that the phenotypic spectrum in affected individuals is intermediate to that
of homozygous and heterozygous Gadf11 knockout mice (McPherron et al., 1999), we
propose the phenotype in our family results from a dominant negative effect of the p.
(Arg298GiIn) variant. In support of this conclusion, when co-expressed, the mutant GDF11
protein appeared to interfere with the activity of wildtype GDF11 in the luciferase reporter
assay (Figure 4C), although the mechanism for such action requires further investigation.

Follistatin (FST) is one of a number of extracellular antagonists of the TGF-beta family of
growth factors, binding to BMP2, BMP4, BMP7, GDF8, GDF9, GDF11, activin A and
activin B and neutralizing their activity. The crystal structure of the FST-GDF11 interaction
shows two FST molecules symmetrically wrapping around the GDF11 dimer. This
interaction masks the receptor binding sites on GDF11 (Walker et al., 2017). Homozygous
Fstknockout mice exhibit cleft palate, while Keratinl14-driven epithelial-specific conditional
knockout of the gene shows tooth cusp morphology and delayed third molar development in
mice, similar to that reported for the major CL/P gene, /rf6 (Blackburn et al., 2012; Chu et
al., 2016). Although FST is widely expressed, it is reported to be most strongly expressed in
follicles (from where it derived its name) and the skin. In our own analyses of developing
facial tissues (mouse and human), we find that FS7/Fstis also highly expressed in various
embryonic facial tissues and is co-expressed with GDF11/Gdf11 in both the epithelial and
mesenchymal populations. This is consistent with other reports for these two genes where
they regulate, in an autocrine fashion, the differentiation of the respective progenitor cell
populations (Gokoffski et al., 2011).

The identified FST p.(Cys56Tyr) variant alters one of six cysteine residues of the N-terminal
domain (residue 27 of the mature protein following cleavage of the signal peptide). Cys56 is
conserved across all follistatins and their homologs in all species, highlighting its likely
functional importance. Using site-directed mutagenesis and biochemical interaction assays,
Sidis et al (Sidis et al., 2001) reported that this N-terminal domain of FST is essential for its
interaction with the related TGF-p family member, activin, and indeed substitution of both
Cysb5 and Cys56 with alanine was sufficient to abolish this interaction and its ability to
regulate the bioactivity of activin. Similarly, substitution of hydrophobic tryptophan residues
with hydrophilic residues in the vicinity of these cysteines also disrupted the interaction.
Their data are consistent with the binding of FST to TGF-p family members involving a
highly structured N-terminus (Keutmann et al., 2004; Sidis et al., 2001) that blocks the
concave hydrophobic interface of these growth factors that normally mediates their
interaction specifically with the type-1 activin receptors (Walker et al., 2017; Walker et al.,
2016). Indeed, consistent with this notion, we show in functional assays that, unlike
wildtype FST which efficiently and completely antagonizes GDF11-stimulated reporter
activity, the p.Cys56Tyr mutant protein retained minimal ability to inhibit GDF11-stimulated
reporter activity and, by extension, would( not likely inhibit other TGFp ligands, such as
activin A (Figure 5C).

We have recently shown the importance of the p120-catenin-cadherin complex in Mendelian
forms of non-syndromic orofacial clefting, having identified segregating pathogenic and
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likely pathogenic variants in multiple genes encoding interacting proteins of this complex
(Cox et al., 2018). Despite only one variant having been identified for both GDF11and FST
in our cohort, the clinical phenotype, segregation, overlap with animal model phenotypes,
tissue expression and the tested and predicted functional impact of the variants, provide
compelling evidence of the involvement of the well-characterized GDF11-follistatin
pathway in the molecular etiology of Mendelian forms of orofacial clefting. That said, it
remains to be determined whether the orofacial clefting phenotype associated with
inactivation of FST is simply due to changes in GDF11-mediated signaling or whether there
is a more complex imbalance involving signaling via other TGF-p ligands regulated by FST,
such as BMP4 or activin, that are also active in the developing facial tissue.

Finally, the unique association of orofacial clefting and vertebral/rib hypersegmentation with
GDF11 warrants this presentation to be now classified as a novel syndromic form of
orofacial clefting. We thus recommend that molecular testing for GDF11 should be
considered in people with the combination of orofacial clefting and vertebral/rib
hypersegmentation and that ~S7 should be considered in orofacial gene panels for inclusion
as a candidate gene for testing in individuals with non-syndromic CL/P.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 2: Expression of mouse Gdf11 and Fst in developing mouse facial tissues.
A. Gdfiland Fsttranscript expression was investigated in mouse E14.5 anterior and

posterior palate RNA-seq datasets. Although their relative expression levels differ, both
Gdf11and Fstare significantly expressed in the anterior and posterior palate. Expression is
given in Fragments per kilobase of transcripts per million mapped reads (FPKM). Further,
Gdf11and Fstexpression levels are comparable to other known orofacial clefting-linked
genes. B. Mouse mandible, maxilla, and frontonasal RNAseq datasets were analyzed using
SysFACE for expression of Fstand Gdfl1. Fstexpression increases in these tissues as
development progresses. Gdf11is expressed at a constitutively low, but significant level in
these facial tissues. Error bars represents standard error of mean (SEM).
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Figure 3. Expression of GDF11 and FST in mouse and human palatal tissues.
Overlay of E13.5 mouse palatal (A) expression and (B) expression enrichment (tissue-

specific expression compared to WB (whole embryonic tissue body)) from SysFACE on the
Gdf11 protein-protein network. Gdf11 direct interactors, including FST, exhibit significant
expression and enrichment in these tissues. For the expression overlays, differing intensities
of red represent increasing transcript expression. For expression enrichment, differing
intensities of red represent levels of enriched-expression, while differing intensities of green
represent non-enriched expression. Immunohistochemical detection of human GDF11 (C)
and FST (D) in 67—72d human embryonic secondary palate and tongue. Strong GDF11 and
FST staining is seen in the palatal epithelia including the medial edge epithelia (MEE) and
midline epithelial seam (MES) of the palatal shelves. Although less pronounced, specific
staining is also seen throughout the palatal shelf (PS) and tongue (T) mesenchyme.
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Figure 4: The GDF11 p.Arg298GlIn variant prevents cleavage of the prodomain and exhibits
markedly reduced potential to activate SM AD-dependent reporter gene expression.

A. Schematic of the GDF11 protein. Pink = signal peptide (SP); beige = pro-peptide; green
= mature active peptide. The mature active peptide is cleaved and released after Arg298 by
furin-like proteases. B. Western blot of WT and R298Q GDF11 expression. A total of 1.5ug
of WT GDF11 construct, R298Q mutant construct or an equal mix of each was transfected
into HEK293T cells with 1.5ug of Furin vector DNA. 48 hours post transfection an anti-
GDF11 western was conducted under non-reducing and reducing conditions. Unprocessed
bands represent GDF11 covalently bound to prodomain while processed bands represent
liberated GDF11 mature domain. C. Luciferase reporter assays in GMSM-K epithelial cells
(left) and HEPM mesenchymal cells (right). FFLuc = enhancerless Firefly Luciferase
construct; SBE-FFLuc = SMAD-binding element-Firefly Luciferase construct; pcDNA3.1 =
empty vector control; GDF11 = GDF11 expression vector (in pcDNA3.1).
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Figure5: The FST p.Cys56Tyr variant disruptsthe structure of the N-terminal domain and its
ability to antagonize GDF11.

A. FST p.Cys56Tyr localizes to the cysteine-rich N-terminal domain (CR-NTD). Cysteine56
(red dot in A) is one of six cysteines (yellow dots) in the N-terminal domain of FST that
form a stable structure mediated by three intradomain disulphide bonds (shown by colored
lines): Cys32:Cys55, Cysb6:Cys91, and Cys42:Cys88. The three main mature Follistatin
isoforms are depicted below the schematic as black lines. B. (i) Visualization of the crystal
structure of the GDF11:Follistatin [FS-288 isoform] complex (PDB: 5HIJW). (ii) and (iii)
Different views of Cys56 (red) showing its proximity to the N-terminus of mature GDF11
(Asn299) and the other cysteines (yellow) of the CR-NTD of FST. Mutation of Cys56 to
tyrosine is predicted to impact proper folding of the CR-NTD and its ability to interact with
GDF11 and related ligands. C. HEK293T (CAGA)1, cells were transfected with WT or
C56Y Fs288 expression vectors with a C-terminal His-Myc tag (HM) or untagged then
stimulated with exogenous GDF11. Activity is represented as fold activation normalized to
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activation by GDF11 on cells transfected with empty vector. One-way Anova analysis with a
confidence interval of 99.9% conducted vs GDF11 (above each bar) or between WT and
C56Y mutants (brackets). All experiments were conducted at least 3 times with
experimental triplicate.
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